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ABSTRACT 
The  turbidity of the ~ I o u d l ~ s  sky at Athens, Greece, is  inreatigated by nlea~~s of ~~yrheliometric  measure- 

ments macle with So. 116 Kipp-Zonen pyrlrelionleter at the  National  Observatory, Athens. The measurements  are 
based on observations of the direct  sun  radiation  wing two filters  (red  and  yellow)  and  without a filter. The 
monochromatic  turbidity is clefinrd :ultl used to com1)nrt. the :~tmosl~hrric  transmission at Athens with  the  theoreti- 
cal value for  a 1t;lylc:igh (molecular ) ntnlosphere. The results  give : I n  intlication of the uwique clarity of atnmsphere 
in the a t t iea  area. 

1. INTRODUCTION 

Local  studies of tl1e pIlello~11e11:~ of solay ~ ~ ( l i a t i o n  dnr- 
ing its passage tll1.ougl1 tlle :ttmospllere :tre of g w t t  
interest to all  the p l l ~ s i ( d  sciences and p:wticularly to 
~neteorological pllysics. The  st.udy of tile v:tri:rtiotl of 
intensity of solar r:tdi:Ition clue t o  its  attelluntion by the 
:Lt,mosphere helps 11s to ulderstand 111any physical  cllxr- 
acteristics of the stl-nct11t.e : t t t d  l)ropert.ies of t he  :Itnlos- 
phere. Fo r  example, fro111 the, turbidity we can cllra~v 
some conclusions  about tlw :~erosol  constitut,ion of the 
atmosphere. 

The purpose of this paper is to  study  daily vxr.iations 
of the turbiclit,y of the nttnosl)llere :It Atllens. The, prob- 
lem of tho  turbidity of the  :Itmosphere is connected with 
the  gradual extinction o f  the solar radi:lt,ion duri l~g its 
passage through  the atnlospllere [(<I, clue to t,he ahsorpt i o n  
by gaseous constituents of tlle  atnlosphere,  and  the sent- 
tering by nlolecules and by 1:lrper particles that  are know11 
as aerosols, such as dust  particles, sea salt  particles, cloncl 
droplets, etc.. [11, 121. This extirlc.t.iolz or nttennation 
depends  primarily on tlie  lengtll of the path of the  solar 
ridiation through tlle at,nzosphere. This depends on the 
zenith  angle of the  sun, as well as on t,he constitution of 
t’he atmosphere. 

Regarding  this  problem some investigations ]lave been 
carried out by Linke [SI and ot,lzers. To  determine the 

T’ t,nrbidity of the atmospllere, Linke  entluated  the term--, T 
where 1” is the observed or  actual  value of t.he optical 
t!lickness, and T t,he tlleoretical value of the Rayleigh or 
t,lzeoretical atmosphere  (which is also often called the 
pure or molecular  at.n-losphere).  Alt,hough Linke based 
his study on the m e a n  v n h e  of the opt.ica1 thickness, he 
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in  reference [ lo ] .  

(lid notice sonle very intportant  characteristics of the 
t,r:ansmission of t,lle s o h  radiation  in t.he atmosphere. 

The. present  study,  in  which  optical thickness values for 
euch wavelength are used, is based on radiation da,ta from 
the  solar  ratliation  station est.ablished st the National 
0bserr:ttor.y a t  Athens in 1953 at the sugge,stion of Profes- 
sor E. Msriolopoulos of the  University of Athens [20]. 
Direct, 111e~s1~renlent.s of tlle solar energy are being  made 
by using a No. 116 Kipp-Zonen  pyrheliometer with yellow 
and  red  filters as well as with no filters. The  transmit- 
ting regions of t,lw filters used with the pyrheliometer  are : 

(1) yellow 28,000 li, to 5,000 8, (2) red 28,000 A. to 6,000 
A. The  pyrheliometer  readings were taken a t  a specific 
time 11 :20 (local civil t,ime) only  when the sky in the 
region of the sun W:IS completely cloudless, which is 
usually  expressed in S* in tlle Morikofer Scale.  (Accord- 
ing t,o Rfiirikofer’s Scale, So means that the sun  is com- 
pletely  obscnred by clorlds and S“ means  the  sun is com- 
pletely  nncoveretl by clonds.) 

2. DETERMINATION OF THE TURBIDITY 
In  this  report,  the values of the  optical thickness were 

used for e:~ch wavelength, because it has been emphasized 
[15] t h t  t,he effects of the  transmission of solar  energy 
will be more  distinct if we use values of the  turbidity 
factors  for each wnvelength  by  computat,ion of the fol- 
lowing  ratios : 
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denote  the  actual  and  theoretical  amount, 
respectively, of solar  energy  in t,he spec- 
tral region 0.3 < X < 2 . 8 ~  (whit'e light), 
falling on a normal  surface at, sea level 
in  ly./nlin. (gram-calories per cn1.2 per 
min.) 
denote  the  actual  and  theoretical  amount, 
respectively, of solar  energy  in  t'hc  spec- 
tral region .515 I X 5 2 . 8 ~  (yellow filter 
of the  instrument) falling on a normal 
surface at sea level in ly./min. 
denote  the  actualand  theoretical an103nt., 
respectively, of solar  encrgy i n  the spec- 
tral region .625 <X 5 2 . 8 ~  (red  filter of 
the  inst8rurnent) falling on a  normal sur- 
face a t  sea  level in  ly./rnin. 

The  ratio will be defined as the  turbidity for the 

spectral region .3<X<.515p. The  ratio 7 Tu is for  t'he 

spect'ral region .515 I X 5 . 6 2 5 ~ .  Also the  ratio -+ is 

called the  turbidity  for  the  spectral region of the yellow 

filter of the  instrument  .515<X<2.8p  and  the  ratio f Q 
is called the  turbidity for t'he  particular  spectral region 
of the red  filter of the inst.rument .625 < X  5 2 . 8 ~ .  Since 
the values of &'(X) were determined  from  the pyrhelio- 
metric  measurements,  in  our  problem the t'heoretical  values 
of &(X) only  are to be  computed. 
These values  can  be  obtained  by  evaluating  the  integral 

TO 

T ,  
0 
Q ,  

Q r  

&(X,, X2)=JA' L o )  T(W(X) (1) 
X I  

where XI and An represent the wave1engt)h limits  which 
apply, I,@) is the specific intensity of solar  radiation, 
and T(X) is the  fractional  transmission of the filter, both 
at the  wavelength X. Expression (1) then represents the 
extraterrestrial  theoretical  values of the  amount of t'he 
solar energy at the  top of the  atmosphere received through 
the filter of transmission T(X). 

To  apply  the  above  computation  to  the  surface of t'he 
earth  it  has  to  be  formulated  in  the following way: 

&(Xl, X2)=JhZ Io(X)T(X)e""cBdx ( 2 )  

where e-r  aec is the transmission coefficient as given  from 
the extension of the Bourger-Langley  law  for the  pure 
molecular atmosphere [2, 16,  17, 18, 191. These coeffi- 
cients were obtained  by  interpolating  values of rnono- 
chromatic  normal  thickness  for pure nlolecular  atmos- 
phere as given by Deirmendjian [3, 41. The expression 
for the  optical  thickness r is 

r = l m  bid2 (3) 

x1 

0. 305 1. 029.5 
n. 355 o. 7484 
0. 40.5 0. 4465 
0. 455 0 .  2122 
0. 505 0. 1388 
0. 55.5 0 .  0972 

0. 60.5 0. 0667 

0. 705 0.0346 

0.805 0. 0204 
0. 755 0.0264 

0. 6.55 0. 0468 

0.855  0.0162 

0. 905 0.0131 
0 .  95.5 0. 0109 

1.525 1.55X10-3 

2.425 2.41XlO-4 

1.025 8. 79x10-3 

2.025 4.96~10-4 

wherc bx is the rnonochromatic attenuation coefficient, a 
funct'ion of t'he densit,y and t'he  refract,ive  index of the 
atmospheric layer. z is the  nornlal  distance measured 
vertically  above the sea level; SCC 0 is the factor often 
called air Inass, where e is the zenith  distance of the sun. 

The values of Z,(X) were cletenninecl graphically from 
Nicolet's table [13, 141. The transmission T(X) of the 
filters mas determined  from  tables  for  standard European 
red and  yellow  filters [l]. For  greater accuracy both 
graphs were  expande'd. The values  were  plotted on sep- 
arat,e graphs as n function of X fo r  the yellon: and red 
filters. Hy interpolation  the  transnlission of the filters for 
different, wavelengths was obtained with an accuracy of  
0.001. In the integrat,ion (2) t,he  trapezoidal  rule was 
used wit11 AX= 100 A. 

The values of the optical  thickness  were used from the 
theoretical  computations by  Ileirmencljian  and  Sekera [4, 
51. These  values  were  plotted  rersus  wavelength on 
logarithmic  paper. In t.able 1 t.hese values of the optical 
thickness are given as a fumtion of wavelength.  From 
the plot, the  optical thicknesses for  all  the wavelengths 
in  the regions of the filters were determined accurately 
to 0.001. Then  the transmission coefficient was computed 
for  the values of zenit,h dist,anc.e varying from maximum 
solar altitude  at  the  latitude of the solar radia.tion  sta- 
tion a t  Athens, Greece. That is, the ext,inction coefficient 
mas computed for  t,he following  values of the zenith 
distance 0 = 1 5 O ,  30°, 45", 50", 55") GO",  65", and 70". 

3. DISCUSSION OF THE NUMERICAL RESULTS 

Tising these extinction coefficients  we are able to perform 
the  integration (2) by  numerical  methods,  using the t,rape- 
mid  rule wit11 AX=100 a .  The final answe.rs are recorded 
in  table 2. These  values  express  the  amount of solar en- 
ergy (ly./min.) that is received by a surface,  normal  to the 
rays, of one square  centimeter  at sea level for a pure molec- 

TABLE 2.--Tltc curiution of tile tran.urnisaion of the sofnr eptergv 

U ? / d  zenith distalzce 
( l y . /min . )  in a Raglcigh atmo.upherc as (c fultction of zcuvelcngth 

Spectral 
Zenith  distance 

___ 

15' 1 30' 1 45' 1 50' 1 55' 1 60" 1 65' 1 70'- 

-___ 
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ular  atmosphere  and  for  the  indicated  zenith distances. 
From these  numerical  values the  three curves I, 11,  I11 in 
figure 1 were  plotted.  Curve I represents the region of 
wavelengths  from 0.300 to 2.800~. Curve I1 represents the 
region of wavelengths from 0.515 to 2.800~ (yellow  filter 
of the  instrument).  Curve 111 represents the region of 
wavelengths from 0.625 to 2.800~ (red  filter of the  instru- 
ment).  Thus,  from  the  curves we are able to determine 
the  values of the  solar  energy  in ly./min. received by a 
normal  surface of one square  centimeter a t  sea level, and 
for  any values of the  zenith  distance  contained between the 
extreme  values 15" to 70°, and of course for  all  the  cor- 
responding  altitudes of the  sun  that  are included in these 
two values. 

Finally, Tve computed  tlle  ratios n, h ,  e, d, using  for Q' 
values obtained during  the period 1953 to 1957 from  daily 
observations at 11 :20 local civil  time and  for @ the corre- 
sponding  theoretical  values  (same A and  elevation).  The 
plot of these  values  versus the  n~onths is given  in  figure 2 
for  the  spectral  region 0.300 to 0.515, in  figure 3 for  the 
spectral  region 0.515 to 0.665, in figure, 4 for  the yellow 
filter, and  in  figure 5 for  the  red filter. Figures 2-5 repre- 
sent, the computed  turbidity  for observat,ions during a par- 
ticular  month  separately  for each of the years 1953-1957, 
with  the  total  nunher of observations in a particular 
month  given in  the bottom  line. The  results we obtained 
c:tn  he summarized as follows : 

1.-In figures 2-5 (except  figure 3 in  which it is  not so 
clear) a  simple a11nua1 variation in the  turbidity of the 
atmosphere in  Athens is clearly visible. This  variation 
shows  a  maximum in  the summer season and a, minimum 
in  the  winter  or  early  spring  (March).  The  increased 
turbidity in summer  months is most  likely  caused by an 
increase in the number of aerosol  particles,  as  well as by 
an increase in  the size of the  particles  due to the  greater 
relative  humidity in  the summer. This is caused by the 
sout,ll to southwest  wind and  the  high frequency of sea 
breezes bringing  more  water  vapor  over  Athens.  These 
interpretations  apply  to  average  conditions. I t   an he 
seen in figure 2 that  there  are exceptions to  this  and very 
low turbidity  can occur  on some sunmler  days as well as 
high  turbidity  during some 13-inter  clays. This re,sults in 
increased  absorption  and  scatt,ering of solar energy. 

The accumulation of aerosols during t,he summer  months 
is  due  to  many  factors.  Some of the  more  important ones 
are  (1)  the  number of days of precipitation is very  small 
[!I, 201 and  therefore  only a small  scavenging effect can 
be expected ; (2) the sea breeze brings  (a) aerosols from 
the  industrial  district over to  Athens  and  (b)  dust  par- 
ticles  raised up by mhirl  winds  which  are caused by an in- 
teraction of northeast  and  southwest breeze; (3) the 
increased  turbulence during  the summer  months  raises 
dust  from  the  dried  inland Vegetation. 

2.--From figures 2 and 3 we can  say that  the deviation of 
t,he  radiation  characteristics of a turbid atlnosphere from 

535172-60-2 

I 2 0  i l i l l l l l l l l \ l  

75 70 65 60 55 50 45 40 35 30 2 5  20 ALTITUDE 

FIGURE 1.-Curves showing the variation of solar energy in a Ray- 
leigh  atmosphere  with respeck 'to zenith distance. Curve I is 
for  white light; Curve 11, using a yellow filter; and.  Curve I T 1  
wing a red filter. 

that of a pure  molecular  atmosphere increases  with the 
\rax"elength. 

&"The consequence of the above results is that  the 
values of turbidity  in  the  spectral region 0.300 to 0.515,~, 
figure 1, are smaller than  the values of the  turbidity  as 
given in figures 3,4, and 5. This indicates  that  the atmos- 
phere  in  Athens  under  clear  conditions does not differ from 
the  pure  molecular  atmosphere.  The reason for that 
probably is this: The atmosphere  over the  Attica  area is 
very dry  (the  dryest of all Greece) as indicated  from  the 
observations of the relative  humidity [SI. This probably 
explains  t,he  famous ('Cyan" of the deep  blue of the sky 
of Athens  under  clear  conditions.  Some  earlier investiga- 
tions of the blueness of the sky at Athens, Greece, were re- 
ported by 1,. Karapiperis  and  Ph.  Harapiperis [ 7 ] .  

4.-Moreover, figures 2-5 confirm the results of turbid- 
ity determination  from the measurements of sky light 
polarization  performed  under  the  direction of Prof. 2. 
Sekera at  the  University of California, Los Angeles [21]. 
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FIGUBE 4.-Annual variation of the  turbidity  in  the  spectral  region 0.513 to 2.800 p a t  Athens,  Greece.  The  observations  plotted a t  
2.00 are  equal  to 2.13. 
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5.-Special interesting  features  are  displayed by  figure 
3 as compared to figure 2. I n  figure 3 (spectral  region 
0.515 to 0.625~) it is clearly  shown khat a certain  distinc- 
tive  degree of turbidity  prevails  during  the  winter  and 
summer seasons. These  turbidity  values  remained  the 
same in  the  period 1953 to 1957. The values  which  appear 
to be more  pronounced during t.he period March to Octo- 
ber are  about 1.44, 1.53, 1.64, 1.77, 1.92, 2.09; during  the 
pariod  September  to  December and  January  to  February 
they are &out 1.46-1.47,  1.57,  1.62,  1.69, 1.75. It seems 
as if this structure in the  turbidity values  is  caused by 
special properties in the size distribution of the aerosols 
which appeam to  be  const,ant for a part,icular air mass 
invading  the  Attica  area. 

This  study  proves  quite  clearly the advantages of the 
study of monochromatic  turbidity [15, 161 and  its poten- 
tialities in  the  study of relationsllips  between  the  turbidity 
and  the  weather. 

ACKNOWLEDGMENTS 

The  author wishes to :wkno\vledge his gratitude to l’ro- 
fessor 2. Sekera of the  University of California at Los 
Angeles for  suggesting t.his study  and  for his  continuous 
int;erest and hselp during  the work on this problem. 

This work would not have been possible without  the 
kind  invitation of Professor ,J. Rjerknes and  the kindness 
of Professor M. Neiburger, (Ihairnl:t11  of the  l)epartnlent, 
in providing t,he author  with all the necessary 
conveniences. 

REFERENCES 

1. F. Baur et  al., Li?tlieS Meteoroloyishes I’aschenbuch, rol. 2 ,  X e w  
edition,  Geestand  Portig,  Leipzig 1953: i24 pp. ( S e e  p. 520.) 

2. F. Bernhardt,  “Die Sekundiir- diffuse Strahlmg  in  einer 
Rayleigh-Atmos~~lllire,” rrPifscltrift f iir Jlcleorologie. I : 1.01. 
6,1952, pp. 257-271. I1 : vol. 7,1953, pp. i8-85. 

3. D. Deirmendjian,  “Attenuation of Light  in  the  Earth’s  At- 
mosphere and Related  Problems,” Scientific Report No. 1 ,  
on Contract AI? 19(122)-239, TJniversity of California,  Dept. 
of RIeteorology, 1962,32 pp. 

i. D. Deirmendjian,  “The  Optical  Thickness of lthe Rloleeular 
Atmosphere,” Arc l~ iv  f iiv hfeteorologie, BeopAysik u n d  Hiok- 
Zimatologie, Serie B, Band 6, Heft 4, 1955, pp. 452461. 

5.  D. lieirmendjian and Z. Sekera, “Global Radiation  Resulting 
from  Multiple  Scattering  in a Rayleigh  Atmosphere,” Tellus, 
m l .  6, S o .  4, Nov. 1954, pp. 3S239S. 

6.  S. Fritz, “Solar Radiant Energy and I t s  Modification by the 
Earth and I t s  Atmosphere,” Compmdi*utrf of Jfetetorology, 
American Jleteorologicnl  Society,  Boston, Rhss., 1951, pp. 
18-33, 

7. L. Kara1,iperis ant1 I’h. KarapiI,eris, “Pel-i tou Kyanou Chr6- 
matos  tou nur:tnonr en  AthPnais  [On the Mlueness of the Sky 
:I t  Atl~ens], Prakfircr, Alcademia Atl~Pt!r?n, rol. 27, 1932, pp. 
21 1-21>. 

X. F. I inke,  “1)ie Sonnenstralllung  uad  ihre  Schwiichung  in  der 
Atnlosphlire,” Handbtlch der Geophysik, Band 8, Gehr.  Rorn- 
traegrr, Berlin, 1942, 1943. 

!). E. ( i .  JLariolopoulos, The  Glinzate of  Greece, A. A. Palraspyros, 
Athens. Greece, 1938. 

10. G. Mncris,  “Solar Energy and Sunshine Hours a t  Athens, 
Greec.e”, J f o n t h l ! ~  ITeather R e ? j i , e ~ ,  vol. 87, S o .  1, Jan. 1959, 
pp. 29-32. 

11. RI. Seilrurger, “The Reflrct,ivity of the  Sea  Surface for Diffuse 
Hadiation,” 7’rnwsrrctions, American Geophysical L X o n ,  vol. 
29. 194s. 1)1). 647-652, 

1%. 31. Sriburgrr, “Reflection, A4bsorption, and Transmission of 
1llsol;ltion by Htratns C’lond,” J o w t m l  of  Jfffeoro’lo(/?l, vol. 6, 
KO. 2, Apr. 1!)4!). 111~. 9E&lO4. 

13. 31. Sicolet, *‘La nlesure (111 rayormenlent  solarie,”  Institut 
Royul Jlrteorologiqne (111 Helgiyue, Misrellnnies, F:tsc. xxi, 
1!)4%, 1q1. 3-37. 

14. JI. Nicolet, “Sur la  tletern~ination  du flux energetiqne du ray- 
olme!uent extraterrestrr clu Soleil,” Arclbiv fiir Jrcteorologie, 
Ccopl/!/xiX u 1 b d  IPic~/~li,/rufologif, Serie B, rol. 111, Number 3, 
l!).jl, p1). 20!)-219. 

16. %. Sekera,  “I’olarization of Skylight,” Ho1rd7~urk der Physik,  
1701. 4S, 1937, pp. 2SS-32i. 

l(i. %. Selrera,  “l’olarization of Slrylight,” Co/~rpetzcl iun~ of Meteor- 
oloy?!, American hIeteorologica1 Society,  Boston, Mass., 1951, 
111). 79-90. 

1 i .  J .  11‘. Strntt (Lord Rayleigh), “On the Light from the Sky, its 
l’olarimtion and Colour,” Pkilosophicctl Magaxine, 1701. 41, 
4th wries, lS71 ,1~1~.  107-120, 2i4-279. 

1s. Lord Rayleigh, “On the  Electromagnetic  Theory of Light,” 
I’lriloaophiccrl Jlcc(/n-itze, rol. 42, 5th  series, 1881, pp. 81-101. 

1!1. 1,ortl Hnylrigh, ”On the  Transnlission of Light  through  an At- 
1nosphere  C‘ontainiug Small  I’articles  in  Suslpnsion,  and on 
the  Origin of the  IZhe of the Sky.” I’Itilonop71icn7 Mcrgcrxine, 
rol. 4 i ,  .?til Series, 1S99, pp. 355-384. 

20. Satiorml  Ol)serratory, Cliwrntological Bwllctin, Athens, Greece. 
21. 1-nirersity of California at Los Angeles, Dept. of Neteorolopg, 

“Inrrstigation of Polariziition of Skylight.” Finn7 Report on 
Contract AF 19 (12%) -239: June  1953, 68 pp. 


